A convenient method was developed for determination of sulfathiazole (STZ) in Type C medicated swine feed by reversed-phase liquid chromatography (LC) with post-column derivatization. Addition of extractant solution (0.2N HCl and 1.5% diethylamine in 25% methanol) and an internal standard (IS), sulfamethylthiazole (SMZ), to 5 g sample was followed by mechanical shaking for 1 h. The extract was clarified by chilling, centrifugation, and filtering before injection onto a C 18 reversed-phase column. The mobile phase components were 2% acetic acid and 1:1 acetonitrile-methanol (83 + 17%, v/v). Run time was about 20 min. Determination and, largely, the method's selectivity were based on detection at 450 nm of the derivative formed by the post-column reaction of dimethylaminobenzaldehyde with the primary amine of the analyte and IS. The IS, SMZ, differs from STZ by a single substituent methyl group, is stable, and is readily resolved from STZ. Although SMZ is not commercially available, it can be synthesized with relative ease from purchased reagents and will be supplied by the authors to interested laboratories. In single-laboratory validation, linearity was demonstrated over the range of 0.055-550 mg/mL, well beyond the target concentration of 5.5 mg/mL. The estimated limit of detection was 0.04 mg/mL; the calculated limit of quantitation was 0.13 mg/mL (feed concentration of 2.4 g/T or 2.7 mg/kg). Wet-spiking trials with a variety of swine feed matrixes showed recovery to be 100-102% for the intended concentration range, 50-200 g/T, with coefficient of variation (CV) <2%. The method ruggedness was verified with an overall CV of 2.9%. S ulfathiazole (STZ) is an antimicrobial agent added to swine feed to treat infection, maintain or improve weight gain, and improve feed efficiency. In Type A medicated feeds, it is added either at 40 g/lb with chlortetracycline at 40 and penicillin at 20 g/lb, or at 20 g/lb with chlortetracycline at 20 and penicillin at 10 g/lb. The established maximum concentration in Type B feeds is 10.0 g/lb (2.2%) with chlortetracycline at 10.0 (2.2%) and penicillin at 5.0 g/lb (1.1%). In either prestarter and starter or grower and finisher swine feeds, Type C feeds are formulated at the 100 g/T (0.011%) level in combination with chlortetracycline at 100 and penicillin at 50 g/T.
S ulfathiazole (STZ) is an antimicrobial agent added to swine feed to treat infection, maintain or improve weight gain, and improve feed efficiency. In Type A medicated feeds, it is added either at 40 g/lb with chlortetracycline at 40 and penicillin at 20 g/lb, or at 20 g/lb with chlortetracycline at 20 and penicillin at 10 g/lb. The established maximum concentration in Type B feeds is 10.0 g/lb (2.2%) with chlortetracycline at 10.0 (2.2%) and penicillin at 5.0 g/lb (1.1%). In either prestarter and starter or grower and finisher swine feeds, Type C feeds are formulated at the 100 g/T (0.011%) level in combination with chlortetracycline at 100 and penicillin at 50 g/T.
The existing AOAC quantitative assays for STZ in feeds are Official Methods 974.46 (1) and 974.47 (2) . Method 974.46 is a spectrophotometric method that uses 2 detection wavelengths: 255 nm for determination of total sulfonamides (STZ, sulfamerazine (SMR), sulfamethazine (SMT), sulfaquinoxaline) and 358 nm for separate determination of sulfaquinoxaline. Method 974.47 is a thin-layer chromatographic method that does permit separate determination of STZ, SMR, and SMT, although the calculations use recovery factors. Method 969.57 (3), a spectrophotometric method for analysis of SMT in feeds, has been commonly used as an STZ method; nevertheless, it has not been validated for STZ.
The proposed liquid chromatographic (LC) method of analysis has a background of several years' routine use in the Office of Indiana State Chemist (OISC) laboratory and is modeled very closely on AOAC Official Method 999.16 (4) , "Sulfamethazine in Animal Feeds, Liquid Chromatographic-Post-Column Derivatization Method." More exactly, there are differences in 3 points: (1) sample grinding to pass a 0.75 mm rather than a 0.5 mm screen, (2) substitution of sulfamethylthiazole (SMZ) for SMR as the internal standard (IS), and (3) inclusion of an alternate mobile phase in which acetonitrile-methanol, rather than acetonitrile alone, is the organic modifier.
METHOD
The method is applicable to the single formulated concentration of STZ in Type C medicated swine feed, 0.011% (100 g/T), although the range is not inherently limited to this concentration.
Caution: Review Appendix B on laboratory safety in Official Methods of Analysis (5) . The following less common materials used in the method should be considered toxic, and care should be taken to avoid skin or eye contact and inhalation of vapors or dust: p-dimethylaminobenzaldehyde (irritating to eyes, skin, mucous membranes, and upper respiratory tract; reacts with tissue amines to discolor skin), hydroquinone (irritating to eyes, skin, mucous membranes, and upper respiratory tract; may cause allergic reaction; carcinogen targeting eyes, kidneys).
Principle
STZ is extracted by shaking ground feed for 1 h in solution of 0.2N HCl and 1.5% diethylamine (DEA) in 25% methanol to which SMZ has been added as IS. Analyte is separated from clarified extract by LC and then subjected to post-column derivatization (PCD) with dimethylaminobenzaldehyde (DMAB); method uses detection by visible absorbance at 450 nm. Figure 1 shows chromatogram of commercial swine feed medicated to contain 0.011% STZ. (Sonication aids dissolution, as does adding a few drops of reagent-strength HCl.) In the OISC laboratory, stock standard has been used to exhaustion when stored under refrigeration and protected from light (i.e., exposed only to dimmed lighting at laboratory bench and stored in dark). analyte concentration. Plot should be linear and pass through origin.
Apparatus
(d) System sensitivity.-Set detector sensitivity to produce STZ working standard peak height at 60-80% full scale; in chromatogram of 0.55 mg/mL standard solution (1/10 concentration of working standard), STZ peak height should be ³4 times baseline noise. Use smallest injection volume and highest sensitivity allowed by quality of baseline.
Extraction
Grind sample to pass 0.75 mm screen in Retsch (Haan, Germany) mill Model ZM 100 or ZM 1000. Accurately weigh 4.75-5.25 g well-mixed ground sample and transfer to 250 mL Erlenmeyer flask. W u = sample weight to nearest 0.001 g.
Add ca 100 mL extractant and then to extractant/feed mixture add 5.00 mL IS spiking solution; order of addition is important. Volume of extractant may be approximate, as concentration ratio standard/IS is independent of volume; for purposes of calculation, dilution of sample = D u = 100 mL. 
Chromatography
For system configuration, see Figure 3 .
Chromatographic Condition Synopsis
Column: Waters Spherisorb 5 mm, ODS2, 150´4.6 mm or equivalent. Mobile phase: 2% acetic acid-acetonitrile-methanol (83 + 8.5 + 8.5). Flow rates: mobile phase at 1.1 mL/min; derivatization reagent at 0.7 mL/min. Injection volume: 10-20 mL. Working standard concentration: ca 5.5 mg STZ/mL. Detection wavelength: 450 nm. Detector sensitivity: 0.02-0.04 AUFS.
The above conditions should be adapted as necessary to satisfy the system suitability test. Optimal flow rates are 1-1.5 mL/min for the mobile phase and 0.5-1 mL/min for the post-column reagent; there is some variation with selection of system components.
LC-PCD System Start-Up
Post-column reagent pump is stored in LC grade isopropanol to maintain pump seals; flush with methanol. While pumping mobile phase, bring post-column system on line. Allow system to equilibrate until baseline is satisfactory (10-30 min). Some possible causes of baseline noise: (1) Pulsations in flow of reagent solution from PCD pump are not adequately damped; (2) mixing coil is aged (fatigued)
Determination
Inject system resolution standard solution (see System Suitability Tests) and adjust sensitivity and/or injection volume to produce peak height 50-80% full scale. Note whether resolution and peak shape are satisfactory. Make 5 or more injections of standard to ensure that peak response is repeatable (CV £ 2). Inject working standard and sample solutions. Bracket pairs of sample injections with single injections of standard; in stable system standard injections may be more widely spaced. Calculate peak response ratios; if working standard response ratios throughout run are random, use average for calculation of results; if not random, average bracketing working standard ratios to calculate results.
LC Column Cleanup Following Analysis
Detach column from mixing tee, run solvent program from mobile phase to 100% aqueous, and hold for 20-30 mL of wash. Follow with 10 min program to 100% organic storage solvent; allow 20-30 mL organic to pass through column before shutting down LC and storing column.
Oxalic acid solution, 0.2M, has been successfully used to rejuvenate columns when resolution and peak shape have deteriorated. Run solvent program to 100% water and pump 20-30 mL; pump 20-30 mL 0.2M oxalic acid; pump 20-30 mL water and follow with program to organic for column storage.
Post-Column System Cleanup (Including Mixing Coil and Detector)
Disconnect column from mixing tee and plug tee inlet used for connection to column; flush post-column pump with methanol for 20 min at 1.20 mL/min followed by isopropanol for 20 min. Methanol is more effective solvent for cleaning reagent from tubing and detector cell; storage in isopropanol prolongs useful pump seal life. of 1) of standard. The (normalized) value of D u is fixed at 100 mL.
Calculations

Results and Discussion
Internal Standard
For assay of drugs in feeds, an IS provides a means of adjusting for matrix effects that influence recovery; a prospective IS is not a feed medicament and has a structure similar to the analyte of interest. Trials in the OISC laboratory indicate that SMZ, which differs from STZ only in having a methyl group attached to the thiazole ring (Figure 4) , is superior to 5 other compounds considered.
SMR is difficult to resolve from STZ, and relative recovery of these 2 compounds is not satisfactory.
SMT as an IS would disguise the illegal presence of this analyte in a feed sample.
Sulfamethizole elutes nearly simultaneously with SMT. Sulfamethoxazole has such a long retention time that its use would be impractical.
Sulfamoxole is unstable at room temperature in standard solutions. Even though mean relative recovery of STZ from fresh standard solutions spiked with sulfamoxole is >99%, deterioration of the IS typically begins within 3-6 h. Because sulfamoxole is stable in feed extracts, the degradation problem can be corrected by preparing the final dilutions of standard solutions in blank extract; however, this step adds to analysis time. Moreover, the STZ-sulfamoxole pair is not recovered from both standard and sample solutions in the same ratio.
In contrast to these 5 compounds, SMZ as an IS meets the technical requirements. Under typical chromatographic conditions, resolution from STZ is excellent and resolution from SMT is adequate; the compound is sufficiently stable in solution at room temperature, and retention time is within practical limits. Apart from analytical requirements, at present one disadvantage of SMZ is its lack of commercial availability. However, SMZ may be synthesized relatively easily by the procedure described in the Appendix.
Specificity
Specificity is the ability to distinguish analyte from interferents, in this case co-extracted materials. Swine feed ingredients are quite varied, but corn is the most popular swine feed carbohydrate base in the United States, and soybean meal is the most commonly added vegetable protein source. Other basic ingredients are calcium and phosphorus supplements, salt, a mineral trace mix, and several vitamins; a vitamin premix and a trace mineral premix are commonly marketed as a single package.
Feed sample chromatograms based on UV detection may exhibit matrix peaks that interfere with analyte or IS peaks. In the proposed method, selectivity results from the combination of detection at 450 nm, the presence of a primary amine group common to the sulfonamides, and the capacity factor for STZ in the system described; chromatograms are typically free of interfering peaks. For a more thorough discussion of specificity due to the post-column reaction and to detection at 450 nm, see Smallidge et al. (7).
Linearity and Range
A general requirement of methods testing is evaluation of linearity beyond the intended sample concentration range, commonly from one-half of the lowest concentration to 2 times the highest concentration. For the proposed method, the target concentration of 5.5 mg/mL is determined by the 5 g sample weight and single Type C formulation of 100 g/T.
A linear least-squares analysis of the STZ/SMZ standard response (as the mean peak height ratio for either 3 or 5 injections) over the STZ concentration range of 2.2-11.0 mg/mL finds a slope of 0.221 and an intercept of 0.021, with correlation coefficient 0.9999 and residual sum of squares 0.00063. Standard/IS solutions were also prepared to contain STZ at concentrations beyond this range. For repeated injections of the lowest concentrations, 0.055 and 0.11 mg/mL, CVs are in the teens.
A log-log plot gives the same linear displacement to order-of-magnitude changes everywhere on the graph; a percent change in a high value, then, does not have a greater effect on linearity than the same percent change in a lower value. When STZ/SMZ response versus concentration of STZ is represented as a log 10 -log 10 plot over the range of 0.055-550 mg/mL (4 orders of magnitude), a least-squares analysis finds r 2 > 0.999. Linearity of the plot over this range is also confirmed visually.
Accuracy and Recovery
A wet-spiking trial tested recovery of the STZ-SMZ pair from a variety of swine feed matrixes. Duplicate 5 g portions of 12 ground blank swine feeds were spiked at 5.5 mg/mL for STZ (corresponding to the 100 g/T level in feed) and 7.5 mg/mL for SMZ (concentrations as for an ideal 100 mL to- tal sample dilution). The results showed mean relative recovery of STZ from extractant solutions to be 101% by calculations based on peak height (CV = 1.25%), and 100% by peak area (CV = 1.56 %). (An interferent excluded one of the sample pairs from calculation based on peak areas.) An analysis of variance (ANOVA) calculation indicated that sample-to-sample variation was greater than variation between duplicates.
A second determination of recovery was based on results for an unmedicated blank weaner/pig base sample spiked with various amounts of STZ intermediate standard solution corresponding (ideally) to the following concentrations: 0.4 mg/mL (near estimated limit of quantitation [LOQ]), 2.75 mg/mL (50% of target concentration), 5.5 mg/mL (100% of target), and 8.25 mg/mL (150% of target). The IS spike was added uniformly at about 7.5 mg/mL. For each spiked sample extract, the mean of 5 injections was 0.4 mg/mL, 99.5%; 50, 100, and 150% of target concentration, 102%. These figures cover the range of STZ concentration likely to be encountered in routine analysis and are in acceptable agreement with the earlier 100-101% recovery found for a variety of matrixes.
A third determination of recovery used 12 replicate extractions of blank swine feed containing cob meal; these were spiked at 5.5 mg/mL for STZ (corresponding to the 100 g/T level in feed) and 7.5 mg/mL for SMZ (concentrations as for an ideal 100 mL total sample dilution). Cob meal is known to be problematic for extraction of SMT from feeds. (8) . The results showed mean relative recovery of STZ from the extractant solutions to be 102% by calculations based on peak height (CV = 0.3%) with absolute recovery of STZ ranging from 72 to 76% (CV = 1.7%).
Precision
In the routine analysis of STZ samples in the OISC laboratory, each LC sequence included a series of 5 target-level standard injections; CVs for these system repeatability tests were typically in the range of 0.3-1.1%. Precision has also been estimated as the variability in analyte recovery from a single feed matrix; equal volumes of SMT/SMR and STZ/SMZ solutions were added to a dozen 5 g replicates of a single ground swine conditioner pellet containing cob meal as described in the previous section. The CV for the relative recovery of STZ was 0.34%.
The history of quality control (QC) sample analyses in the OISC laboratory also supplied evidence of within-laboratory precision. For a single QC sample assayed in duplicate on 41 separate days (1996-1999), the mean result was 97.7 g/T with a standard deviation of 3.01 and a CV of 3.08%. This estimate of precision included between-day variation.
Limits of Detection and Quantitation
The limit of detection (LOD) may be defined as the concentration corresponding to 3 times the root mean square noise of the chromatogram baseline. Statistical evaluation of the noise was based on chromatograms of extracts from 13 different Type C medicated swine feeds; none of these contained STZ, although all contained chlortetracycline and some also contained tiamulin. A Microsoft Excel worksheet was used to calculate root mean-square noise values from imported chromatographic data sampled at 10 Hz over a ±5% interval around the retention time for STZ. The resulting estimated LOD was 101 mAU. From the slope of the calibration curve, this is equivalent to a standard solution concentration of 0.04 mg/mL, which translates to a concentration in feed of 0.73 g/T (0.81 mg/kg).
The LOQ, defined as the concentration corresponding to 10 times the root mean-square noise of the chromatogram baseline, was calculated in a similar manner. The resulting estimated LOQ was 336 mAU. From the slope of the calibration curve, this is equivalent to a standard solution concentration of 0.13 mg/mL, which translates to a concentration in feed of 2.4 g/T (2.7 mg/kg).
Robustness and Ruggedness
A complete description and discussion of the ruggedness test has been presented elsewhere (9) . The test of 7 parameters reported here differs from the test described by Youden in that neither the lower nor the higher test value is equal to the method's stated value. Rather, concentrations were altered by ±10% from the nominal value (Table 1) ; extraction shaking time and flow rate of the post-column reagent pump were each varied within limits intended to encompass thinkable error in performance of the procedure. The test sample was a medicated swine feed guaranteed to contain 100 g/T STZ; the overall mean result of the 7 test analyses was 111 g/T. The test CV, 2.9%, is within the typical range for repeated analyses of a single feed sample by a single method; it is also very comparable with the CV (3.1%) found for the QC sample reported above in the discussion of method precision.
A more revealing output of the ruggedness test is the set of 7 calculated differences; each of these corresponds to the change from the nominal to the altered value of one of the method specifications. Any difference larger than 2 s (10) represents a significant error. Evaluation of the differences, then, requires a standard deviation s which characterizes the performance of the standard method. Again citing the standard deviation 3.01 g/T from the QC sample record, 2 s 4.26 = g/T. As the largest test difference was 3.75 g/T, one may conclude that the method is rugged.
Summary
Method validation experiments as well as several years of routine experience in the laboratory of the OISC have supported the reliability of the post-column LC method presented here for STZ. The post-column reaction with DMAB, detection at 450 nm, and choice of column and mobile phase each contributed to the method's specificity. Concentration-response plots demonstrate linearity over a range from 1/10 to 20 times the target concentration (5.5 mg/mL) of the analysis, and a log 10 -log 10 plot is linear over 4 orders of magnitude. The IS adjusts for matrix effects; wet spiking trials with swine feeds have shown that the standard and IS are recovered in the same ratio from sample extracts and that recovery is uniform in the method's normal concentration range. Statistical treat-ment of the QC sample supplied evidence of precision over time. The LODs and LOQs were well below analyte concentrations in feed-level sample extracts. Ruggedness testing has shown that varying the method parameters to represent between-laboratory differences in performance did not significantly affect results.
In the years 1990-2001, the mean number of STZ feed samples tested per year in Indiana was 37.5; the proposed method has performed very well for the variety of feed matrixes encountered. There have, therefore, been both experimental and practical demonstration of acceptable within-laboratory method performance. Further, the method offers ease of use and the capacity for relatively high sample throughput.
Note: The authors will provide a portion of SMZ IS to those laboratories interested in using the method. The authors hope that the IS will be made commercially available once enough laboratories are using the method. Procedure: Stars (i) indicate possible stopping points. In order to minimize hydrolysis of the sulfonyl chloride, precautions must be taken to ensure that all equipment and reagents are dry. Dry ca 100 mL reagent grade pyridine over 5-8 g molecular sieves; alternatively, use KOH pellets. To 500 mL round bottom flask equipped with Claisen connecting tube, add 21.4 g 2-amino-4-methylthiazole and ca 75 mL dry pyridine, transferred with graduated pipet.
Equip Claisen tube with calcium chloride (alternatively, silica gel) drying tube and thermometer to measure temperature inside flask. Add 47.9 g p-acetamido-benzenesulfonyl chloride to reaction flask in small portions; swirl gently to ensure good mixing, and add at rate such that temperature inside flask does not exceed 40°C. Do not cool reaction mixture at any time during addition. After addition is complete, heat mixture on steam bath for ca 30 min.
Cool reaction mixture to room temperature and pour it into ca 200 mL warm water while stirring vigorously with glass stirring rod. The oil which may form initially should solidify if stirring rod is used to induce crystallization (by scratching against side of flask). Remove solid by suction filtration, wash with small amount of water, i and dissolve in 95 mL 2M NaOH solution; warm on steam bath, if needed, to bring solid into solution. If any solid remains, filter off and discard.
Make resulting filtrate just acidic by addition of glacial acetic acid. Collect solid which forms by suctions filtration (use Büchner funnel held in filter flask), press as dry as possible with cork or spatula, and continue drying by pulling air through the filter cake. i
Weigh collected solid and transfer to 500 mL round-bottom flask. Add 10 times the solid's weight of 2M NaOH solution, attach condenser to flask, and heat mixture at reflux for 1 h. After heating, cool mixture and slowly add concentrated HCl; at first a solid will form, which will then redissolve as more acid is added. Add only enough acid so that solid redissolves; do not add excess acid.
After decolorizing (with minimal amount of decolorizing carbon, as much as will fit on tip of spatula) and filtering the solution, neutralize with 2M NaOH, and then add solid sodium acetate in small portions until solution is basic to litmus paper. Bring the heterogeneous mixture to boiling and then cool in an ice bath; collect the solid by suction filtration. i To further purify the product, add product to ca 100 mL water, then add 2M NaOH dropwise until solid dissolves completely. Add 2M NaOH dropwise until solid dissolves completely. Neutralize solution with HCl, and then add solid sodium acetate in small portions until solution is basic to litmus. Bring the heterogeneous mixture to boiling and then cool in ice bath; collect the solid by suction filtration. Dry SMZ, weigh to determine yield, and determine purity by nitrite titration.
